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Measurements of the discharge current in a cylindrical Hall thruster are presented to
quantify plasma oscillations and instabilities without introducing an intrusive probe into the
plasma. The time-varying component of the discharge current is measured using a current
monitor that possesses a wide frequency bandwidth and the signal is Fourier transformed
to yield the frequency spectra present, allowing for the identification of plasma oscillations.
The data show that the discharge current oscillations become generally greater in amplitude
and complexity as the voltage is increased, and are reduced in severity with increasing flow
rate. The ‘breathing’ mode ionization instability is identified, with frequency as a function
of discharge voltage not increasing with discharge voltage as has been observed in some
traditional Hall thruster geometries, but instead following a scaling similar to a large-
amplitude, nonlinear oscillation mode recently predicted in for annular Hall thrusters. A
transition from lower amplitude oscillations to large relative fluctuations in the oscillating
discharge current is observed at low flow rates and is suppressed as the mass flow rate
is increased. A second set of peaks in the frequency spectra are observed at the highest
propellant flow rate tested. Possible mechanisms that might give rise to these peaks include
ionization instabilities and interactions between various oscillatory modes.

I. Introduction

LASMA oscillations are ubiquitous in Hall thrusters,! where many different plasma wave modes are sup-
Pported by the electric and magnetic field topologies present. Various oscillatory plasma processes can
also be inherent in the operation of the thruster, serving to set the upper limits on thruster performance by
controlling the ionization and acceleration processes within the discharge channel.

The cylindrical Hall thruster? (CHT) combines characteristics of both the end-Hall thruster® (EHT) and
the conventional (annular) stationary plasma thrusters* (SPT). Although conventional Hall thrusters can
operate at high thrust efficiency at kilowatt power levels, it is difficult to construct one that operates over
a broad power envelope down to (100 W) while maintaining relatively high efficiency.® Scaling to low
power requires a decrease in the thruster channel size and an increase in the magnetic field strength while
holding the dimensionless performance scaling parameters constant.% 8 Increasing the magnetic field becomes
technically challenging because the field can more easily saturate the miniaturized inner components of the
magnetic circuit, and scaling down the magnetic circuit leaves very little room for magnetic pole pieces and
heat shields.
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Figure 1. a) Schematic of a cylindrical Hall thruster (CHT) showing the general magnetic field topology
produced by electromagnets. b) Magnetic field topology in a laboratory model 2.6 ccn CHT with Sm-Co
permanent magnets where the magnets are oriented in a direct-field alignment. The maximum magnetic field

is roughly 1 kG at the axis near the back wall.

An alternative approach to the miniaturization problem that has
been demonstrated is embodied in the CHT, which is shown schemat-
ically in Fig. 1a. In contrast to the conventional annular geometry, in
the cylindrical geometry the axial potential distribution is critical for
electron confinement. This is because there is a large axial gradient
in the magnetic field in the channel. The electrons drift both az-
imuthally around the thruster axis and outwards through the u.VB
force. In the absence of an axial potential, the electrons would mir-
ror out of the region of high magnetic field. In the CHT, the axial
potential that accelerates ions outwards also plays an important role
in confining the electrons within the thruster by counteracting the
mirroring effect.

The electric and magnetic field topologies of the CHT are signif-
icantly more complex than that found in the annular Hall thruster.
The magnetic field is mostly radial at the outer diameter of the
discharge channel exit and mostly axial at the thruster back-end.
Furthermore, if we assume the equipotential surfaces match the mag-
netic field contours, then the electric field can have a two-dimensional
profile that is just as complex as the magnetic field. The field struc-
ture in a CHT may not only support a variety of plasma waves and
instabilities, but also lead to waves that have a much greater spec-
tral range compared to what has been measured in conventional Hall
thrusters.

Figure 2. Laboratory model 2.6 cm
CHT with Sm-Co permanent magnets
(with US quarter for scale).

In this work, oscillations in the discharge current are measured and used to identify and quantify waves
and oscillations in a CHT (see Refs. [7-11] for experimental and theoretical examples of this technique
applied to an SPT geometry). As a result, this method is not capable of identifying waves and instabilities
that do not result in discharge current fluctuations. However, it also will not excite additional waves and
oscillations in an otherwise quiescent plasma as can occur through direct probing of a plasma. We present
discharge current data and then Fourier transform these data to expose the frequency spectrum present at
different operating conditions. The observed oscillations and instabilities are discussed in the context of
previous measurements and theoretical treatments of oscillations in annular Hall thrusters.
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II. Experimental Apparatus

Tests were conducted on a cylindrical Hall thruster at NASA’s Marshall Space Flight Center (MSFC).
We proceed first with a description of the thruster and then discuss the facilities and test equipment at
MSFC.

A. Cylindrical Hall Thruster with Permanent Magnets

Measurements were obtained using the 2.6 cm channel diameter permanent magnet Princeton Plasma Physics
Laboratory (PPPL) CHT shown in Fig. 2. The thruster is roughly 5.5 cm in overall diameter and 3.5 cm
long, massing roughly 350 g. The thruster channel is comprised of a ceramic boron-nitride insulator with
propellant fed from an annular anode. Two sets of samarium-cobalt (Sm-Co) rare-Earth ring magnets are
used to produce the magnetic field. The magnets in this case are oriented in the same direction to produce a
‘direct’ magnetic field topology, as shown in Fig. 1b. The maximum field strength inside the thruster channel
is roughly 1 kG.

B. NASA-MSFC Test Facility

Testing at NASA-MSFC was conducted in a 2.75-m diameter, 7.6-m long stainless steel vacuum chamber.
Testing of a different PPPL CHT has been previously performed in this facility.!2 The vacuum level inside
the chamber is maintained by two 9500 1/s gaseous helium cryopumps. The base pressure of the facility was
2x10~7 torr, and the pressure level during testing was roughly 1x10~5 torr.

The working propellant for all experiments is research-grade xenon gas. A commercial HeatWave Labs
HWPES-250 hollow cathode is used in these experiments, serving as both the thruster cathode and the
beam neutralizer. The propellant flow rate to the cathode and anode were independently controlled using
two variable 10-sccm MKS 1479 precision flow controllers (calibrated on Xe and controllable to £0.1 sccm).
All testing was performed with a cathode flow rate of 2 sccm.

Discharge oscillation data were obtained using a Pearson Electronics current monitor (model 2877). This
monitor has a frequency bandwidth from 300 Hz to 200 MHz. It does not measure DC current levels,
so the output signal is composed entirely of oscillatory current components. Previous experiments with
magnetoplasmadynamic thrusters have exhibited current and voltage oscillations due not to the thruster
physics but rather the natural oscillations and dispersion within the transmission line and power supply.!?
The effects of any transmission line modes and resonances were minimized in our experiments by placing
the current monitor around the wire feeding power to the anode at a location as close to the thruster as
possible.

An additional diagnostic employed in these experiments was a Tektronix P5210 100/1000x differential
voltage probe. It is capable of measuring voltages up to 4400 V and has a bandwidth of 50 MHz. The probe
was located inside the vacuum chamber, directly measuring the voltage between the cathode and anode.
These data are not presented in this paper because it was found that the discharge voltage variation was
relatively insignificant (less than +1% of the applied voltage).

III. Experimental Data

Discharge current waveforms are presented in Figs. 3 and 4 for a variety of operating conditions. These
data are comprised of the sum of the time-varying, oscillatory component measured using the current monitor
and the average, DC value of the current output by the power supply. The time-varying current components
in these figures were obtained at a sampling rate of 1 us/point or 1 MHz. The operating conditions were
varied to include four discharge voltages (200, 250, 300, and 350 V) and three anode flow rates (3.4, 4.4,
and 5.0 sccm Xe). While the data in the 3.4 sccm case exhibits a very regular oscillatory pattern, a longer
timespan is used in presenting the 4.4 and 5.0 sccm data (Fig. 3(right side) and 4, respectively) so as to expose
not only the shorter-term oscillations but also a longer-term modulation that appears in these waveforms.

The frequency spectra of the current waveforms found in Figs. 3 and 4 are presented in Fig. 5a-c. In the
figures, these data span a range from 6 kHz to 100 kHz. In addition, current waveform frequency spectra
obtained for the 5.0 sccm case measured at a sampling rate of 100 kHz are presented in Fig. 5d. These data
are shown over the range of 6 kHz to 50 kHz, and are presented to reveal more spectral detail at the lower
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Figure 3. Discharge current as a function of time for a flow rate of 3.4 sccm Xe (left side) and 4.4 scem Xe
(right side) showing the time-varying nature of the current waveform at different discharge voltages.

5.0 scom anode flowrate frequencies. In all cases, a fast Fourier transform was only

sampled at 1 microsec/pt performed on the time-varying component of the measured
. ;:g_ 200V current, and the output represents the resulting magnitude
T 08 of the Fourier transform.
g 044
3 024
0.0 , , r , IV. Observations & Discussion
z Observations on the data presented in the previous sec-
£ tion reveal the presence of many interesting features. At 3.4
% sccm (Fig. 3-left side), the oscillatory nature of the waveform
is obviously not purely sinusoidal, and the low point in the os-
cillation is closer to zero current as the voltage is increased.
s At 4.4 and 5.0 scem (Fig. 3-right side and Fig. 4, respec-
5 g:z B e tively), the low point in the oscillations is well above the zero
3 o024 current level. For these two flow rates, as the discharge volt-
0.0 T T I T age is increased the oscillations that appear at 3.4 sccm are
1.0 LY additionally modulated by a second, lower frequency signal.
< o8 This modulation is generally more pronounced at greater dis-
‘é g:z charge voltage levels. The average discharge current for each
g o2 case found in Figs. 3 and 4 is shown in Fig. 6a-c. These
0.0 T I I T i graphs include both the standard deviation of the current
0 1 2 3 4 sx10° waveform, shown using vertical bars, and the minimum and
time(s) maximum extents of the current waveform, shown using open

triangles. In general, the oscillatory responses observed in
Figure 4. Discharge current as a function of {}o cyrrent data are greater as the discharge voltage is in-

time for a flow rate of 5.0 sccm Xe showing the d and reduced in magnitude for higher anode fl
time-varying nature of the current waveform Creased and are reduce agnitude 1o gher anode Low.

at different discharge voltages.
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Figure 5. Results of a Fast Fourier Transform of the discharge current for different discharge voltages obtained
at a flow rate of 3.4 sccm Xe (section a), 4.4 sccm Xe (section b), and 5.0 sccm Xe sampled at a rate of 1
us/point (section c) and 10 us/point (section d).
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In all the frequency spectra (Fig. 5) there exists a fundamental frequency oscillation and at several
operating points there are higher frequency harmonics, though these harmonics are more difficult to observe
in some data sets because they are small relative to the overall fluctuations in the frequency spectrum data.
At flow rates of 3.4 and 4.4 sccm, the fundamental oscillatory frequency is very well defined, and at higher
discharge voltages the number of higher frequency harmonics and the power present in those harmonics
increase. The width of the peaks increase at greater propellant flow rates. At 5.0 sccm additional, broad-
width features in the frequency spectra appear (in the 11-14 kHz range) and grow in amplitude relative to
the fundamental oscillating frequency as the voltage is increased. In fact, these oscillations are so large in
magnitude and broad in frequency that the fundamental frequency in the 350 V data cannot be accurately
determined. The frequency spectra in Fig. 5d were acquired at a slower speed to provide a better frequency-
domain resolution of these features and show that there were indeed two separate structures being observed.
These are not additional harmonics of the fundamental oscillation observed in the other data sets, but instead
represent an entirely different feature in the data.

At a discharge voltage of 200 V the data exhibit no-
ticeable differences relative to the other voltages. For flow

[
~

1.6

rates of 3.4 and 4.4 sccm, the peak in the fundamental 1 v upper peak d4scem Y
frequency harmonic at 200 V is located at a higher fre- g 127 Z?:\::%Zak v
quency than for the other voltages, and as expected the Z 0.8 Y
frequency spectra show that the amplitude of these oscil- § 04 7 { l
lations and harmonics are much lower than for the other 1 * i
discharge voltage levels. In addition, previously published 0.0 T T T |
thrust stand measurements'4 reveal that this particular b) 16
thruster possesses an anode thrust efficiency that is sig- 12 44scem
nificantly reduced when operating below 250 V. All these S v
data imply that the thruster is operating in a different g 08+ v
mode at the lower discharge voltage. 3 0a] E $ §

Additional insight into the frequency response of the 1 “ 4 ‘
CHT may be gained through a comparison with data ob- 00 I ! ! !
tained on SPT geometry thrusters.” %1% In both the CHT ° 16

. iy . . 5.0 scem

and the SPT, there is a transition from relatively low- 2 12-
amplitude oscillations to very strong, large-amplitude os- = 08 h v v
cillations as the discharge voltage is increased. Gascon et g R 3 ¥ -
al.l9 characterized the low-amplitude oscillating regime  © 0.4 a a
in SPTs as possessing a broad spectrum of moderate oscil- 0.0 ] | | | |
lations with a strong peak in the 10-20 kHz range. As the 200 250 300 350
voltage was increased, the SPT entered a regime that con- ) 5
tained strong oscillations with multiple harmonics, which 5
is similar to our CHT data. It was also said to be a regime = 151 @ o o
in the SPT where propellant utilization is maximized,'0 3 104 : ¥ 4
which may help to explain the improved efficiency of the g + 3.4 sccm
CHT'* when operating at discharge voltages of 250 V.= & °7] A 4.4 sccm
and higher. As the propellant flow rate in the CHT is in- 0 I I |D 5.0 scclm
creased (from Fig. 6a to 6¢), the relative perturbations in 200 250 300 350
the neutral density that arise from ‘breathing’ mode oscil- voltage (V)

lations should be reduced. Barral and Ahedo” have shown
for an SPT that the relative discharge current fluctuations pigyre 6. a)-c) Average discharge current as a
are weakly related to the neutral density fluctuation lev- function of discharge voltage and anode flow rate,
els. Without simulations or internal measurements, we Sshown with the standard deviation of the oscilla-
can only speculate tha?t this scaling may be.sufﬁci.ent to ::zzfn(‘;‘:’c':;lc:tlol:;rzzlil‘;:tt};:v:;:m:)‘mla::gazz:
account for the reduction of current fluctuations with in- a1 oscillation frequency as a function of discharge
creasing flow rate in the much lower power, lower flow voltage and anode flow rate.
rate CHT.

The presence of the strong sharp peak in the frequency spectra of all data in the 11-14 kHz range, coupled
with the repeated pattern of current overshoot and starvation illustrated particularly well on the left side
of Fig. 3 makes it apparent that this is the so-called ‘breathing’ mode,''1® where the ionization front moves
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as neutrals are periodically depleted by enhanced ionization and ion acceleration, and then replenished as
additional neutrals stream into the thruster from the anode. This typical instability has been observed in
many Hall thrusters, and the standard perturbation analysis leads to a frequency scaling given as'®

1
w =7/ 1

where L is the characteristic length of the ionization zone and v; and v, are the ion and neutral velocities,
respectively. For a greater discharge voltage Vy, the ion velocity increases, and if we take L as a constant
then the frequency should scale as'®

w e~ le /4, (2)

Data from SPT-geometries found in Refs. [9,10] for the most part exhibit this frequency scaling. The
fundamental frequencies in the CHT at the various operating points are summarized in Fig. 6d and show
that, unlike the scaling given in Eq. (2), the frequency is either unchanged or reduced as the discharge
voltage is increased. This could imply that at different voltages the ionization region in the CHT is either
not of constant length or is located in a different part of the discharge channel. It could also be that the
analysis of the breathing mode, previously performed for an annular Hall thruster possessing a magnetic
field that is essentially all in the radial direction, is not adequate for the two-dimensional magnetic field
presented by the CHT. One specific point to emphasize is that there is a large axial magnetic field in the
CHT, providing a degree of freedom for current-conducting electrons and escaping neutrals not available in
the annular geometry SPT with is purely radial field. Another possibility could be that the thruster is in
a highly nonlinear oscillatory mode, like that recently predicted for annular Hall thrusters by Barral and
Ahedo.” In those simulations, the frequency of large-amplitude, nonlinear oscillations are relatively constant
as a function of voltage. In rough agreement with these predictions are SPT-100 data presented in Ref. [10],
Fig. 5. These data exhibit a reduction in the fundamental frequency as the voltage is increased above 480
V; a scaling that the authors speculated was attributable to nonlinearities not taken into account by the
simpler linearized breathing mode model.

The cause of the broad-spectrum oscillations that appear in the 5.0 sccm data below the fundamental
frequency of the breathing mode is difficult to identify directly. It could be that in this regime there are
multiple ionization regions within the CHT. Alternatively, the ionization region may be tilted with respect to
the thruster axis, leading to nonlinearities that produce this second set of observed low-frequency oscillations.
A low frequency E x B drift around 3.3 kHz has been observed in the 2.6 cm permanent magnet CHT.!® This
mode does not appear in our data set (discharge current data from that frequency regime were analyzed but
didn’t exhibit any remarkable features). However, the E x B ‘spoke’ instability may still be a cause of the
slightly higher frequency oscillations observed in the discharge current if tilting of the rotating spoke relative
to the thruster yields the observed broad-spectrum oscillations. Another possibility is that the discharge
current may oscillate at the observed frequency because of nonlinear interactions and coupling between
various plasma modes, which may or may not individually manifest themselves in the current oscillations.

V. Conclusions

Current measurements are used as a way to non-intrusively identify the presence and quantify the im-
portance of various plasma oscillations and instabilities in a cylindrical Hall thruster. The frequency spectra
of the discharge current data reveal a rich structure in the low frequency (6-100 kHz) regime; with oscilla-
tions generally increasing in magnitude and complexity as the discharge voltage is increased and reducing
in severity with increasing flow rate. The data allow for identification of the ionization front instability
known as the ‘breathing’ mode, but the frequency scaling appears to follow a nonlinear scaling instead of
the traditional perturbation analysis scaling developed to understand this mode in annular Hall thrusters.
At the lowest flowrate, as the discharge voltage is increased a transition from lower amplitude oscillations to
large relative fluctuations in the oscillating discharge current is observed. The higher amplitude oscillations
are suppressed as the mass flow rate is increased, potentially due to the decrease in the relative fluctuation
of neutral atoms in the thruster. A second set of discharge oscillations in the 11-14 kHz range arise at higher
propellant flow rates. The source of this set of oscillations is not presently known, but many possibilities
involving ionization instabilities and interactions between various oscillations are offered as mechanisms that
might excite these modes.
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